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ABSTRACT
Owing to the intimate linkage of sequence and struc-
ture in nucleic acids, DNA is an extremely attractive
molecule for the development of molecular devices,
in particular when a combination of information
processing and chemomechanical tasks is desired.
Many of the previously demonstrated devices are
driven by hybridization between DNA ‘effector’
strands and specific recognition sequences on the
device. For applications it is of great interest to link
several of such molecular devices together within
artificial reaction cascades. Often it will not be pos-
sible to choose DNA sequences freely, e.g. when
functional nucleic acids such as aptamers are used.
In such cases translation of an arbitrary ‘input’
sequence into a desired effector sequence may be
required. Here we demonstrate a molecular ‘transla-
tor’ for information encoded in DNA and show how
it can be used to control the release of a protein by
an aptamer using an arbitrarily chosen DNA input
strand. The function of the translator is based
on branch migration and the action of the endonucle-
ase FokI. The modular design of the translator facili-
tates the adaptation of the device to various input
or output sequences.
INTRODUCTION
In the past few years, the information encoding and strand
recognition capabilities of DNA have been utitilized for the
realizationofavarietyofnanoscaleDNA-baseddevices. DNA
conformational changes have been shown to result in rotatory
(1,2), stretching (3–12), and even translatory (13–18) move-
ments. DNA devices have also been combined with functional
nucleic acids such as ribozymes (9,17,19) and aptamers
(20,21). Apart from chemomechanical action, DNA has also
been demonstrated to be capable of a variety of information
processingtasks(22–28).Oneofthemorerecentdevelopments
here is the realization of autonomous molecular automata per-
forming, e.g. simple logical computations (29–36).
To implement more complex functions into molecular sys-
tems, it is of great interest to combine the computational and
chemomechanical capabilities of these devices by linking
them together into artiﬁcial reaction networks. As one exam-
ple, we demonstrated recently how the operation of a DNA
nanomechanical device can be controlled by mRNA signals
transcribed from regulatory ‘genes’ (37,38). However, in this
case both the ‘gene’ and the DNA device were artiﬁcially
constructed and the sequences could be chosen freely. In a
more realistic application one would like to trigger the action
of a DNA-based device with an arbitrary DNA or RNA input
signal. As an example, consider the release of a speciﬁc mole-
cule bound to a DNA aptamer in response to the presence of
a particular mRNA molecule. In general, the sequence of the
mRNA (indicating the expression of a gene) will be com-
pletely unrelated to the DNA aptamer sequence. There are
several possible solutions to this problem. One solution com-
monly found in nature is ‘allosteric regulation’. Here two
spatially separated binding sites on an enzyme communicate
with each other via a conformational change triggered by the
binding of an effector to one of the binding sites. Such a
principle has been utilized previously for the construction
of allosteric ribozymes or aptazymes [e.g. (39–41)], and
also recently for the DNA-controlled release of a small mole-
cule by an aptamer (21). In some cases, however, allosteric
regulationmay not bean option—e.g. whenthe binding capac-
ity of an aptamer or the activity of a ribozyme is affected too
strongly by sequence modiﬁcations and the introduction of a
regulatory part is not feasible. For ribozyme regulation, one
approach is the ‘expansive regulation’ strategy developed by
Wang et al. (42,43). Here the activity of a ribozyme is regu-
lated by an effector molecule stabilizing the ribozyme–
substrate complex. To regulate protein release by an aptamer,
in the present work an alternative approach is taken in which a
DNA or RNA input signal is translated into the desired output
signal by a molecular translation device. One possible real-
ization of such a translator is the molecular automaton recently
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doi:10.1093/nar/gkl075introducedbyBenensonetal.(31) whichisbased ontheaction
of the restriction endonuclease FokI. As a type II-S endonu-
clease, FokI cuts 9 and 13 nt away from its 5 nt recognition
sequence, and therefore the 4 nt sticky end created by this
process is unrelated to the recognition sequence itself. In
Ref. (31), the recognition sequence for FokI was hidden within
an internal loop of a DNA double strand. In the presence of
input strands (‘disease indicators’), the FokI recognition site
was completed and a DNA ‘drug’—the product of cleavage
by FokI—was administered. We here use the FokI system as
a DNA signal translator to trigger the release of a protein by an
aptamer deviceusing anarbitrarily chosenDNA input signal.In
contrast to Ref. (29), the DNA signal translator used here
consists of two hairpin structures which contain the FokI recog-
nition site and the effector sequence, respectively. The FokI site
is inactivated by initially hybridizing the hairpin to a ‘protec-
tion’ strand. The translator is activated through the removal of
the protection strand by a DNA input strand with a sequence
completely unrelated to the effector or aptamer sequence.
MATERIALS AND METHODS
Materials
FokI (4 U/ml) was obtained from New England Biolabs,
human a-thrombin in solution (200 mM) from Cell Systems,
Germany. SYBR Gold nucleic acid stain was from Molecular
Probes (Invitrogen), all other chemicals mentioned from
Sigma–Aldrich. DNA strands were synthesized by biomers.
net, Germany. The sequences of the oligonucleotides for the
construction of the device (IN, CO, PR, OUT, APT) are given
in Table 1. For ﬂuorescence measurements a doubly labeled
aptamer speciﬁc for the protein thrombin and extended by a
12 nt toehold was used (APT), similar to the aptamer device
reported before (20,44). DNA strands were designed to
minimize cross-hybridization and to have favorable ratios
of melting temperatures in the different states of the device.
The sequence generator software DNASequenceCompiler (45)
was used for creating the sequences according to these
speciﬁcations,thenucleicacidsfolding programRNAstructure
(46) for checking the secondary structures.
Device preparation and gel electrophoresis
For gel electrophoresis experiments, DNA strands were
diluted to 1 mM in the hybridization buffer (50 mM potassium
acetate, 20 mM Tris–acetate, 10 mM magnesium acetate,
1 mM DTT, pH 7.9 at 25 C). The concentration of the strands
was determined from their OD260.
A typical reaction mixture contained 0.5 ml CO, 2.5 mlo f
PR, 4 ml of OUT and 4 U/10 ml FokI. The addition of 3 mlo f
IN started the reaction. All samples were adjusted to the same
volume prior to the FokI reaction. Samples were incubated at
20 C for 2 h and heated to 65 C for 15 min to denature FokI
and terminate the reaction. All assays were run on native 18%
polyacrylamide gels in TBE (Tris–borate–EDTA, pH 8.3)
buffer at 100 V/cm for 1.5–2 h and stained with SYBR
Gold using the manufacturer’s protocol and imaged under
UV illumination.
Fluorescence measurements
Fluorescence resonance energy transfer (FRET) experiments
were performed with the doubly labeled DNA aptamer strand
APT. In its folded G quadruplex state (compare Figure 5)
its two ends are in close proximity and energy transfer
from ﬂuorescein to TAMRA occurs efﬁciently. When APT
is stretched due to hybridization with the output strand, FRET
between the ﬂuorophores is less efﬁcient and ﬂuorescein
ﬂuorescence is increased. The ﬂuorescence signal therefore
directly monitors the progress of the hybridization reaction
of the output strand with the target strand APT. For the ﬂuo-
rescence experiments, all DNA strands were initiallydilutedto
10 mM. For the enzyme reaction, buffer composition, ratio of
the strands, time and temperature was the same as for the gel
assays. The FokI reaction was performed in a volume of 50 ml
containing 20 U of FokI and terminated before the FRET
measurements.
For the measurements, the aptamer strands were diluted in
1 ml aptamer buffer (20 mM Tris–HCl, 150 mM NaCl,
10 mM MgCl2 and 10 mM KCl, pH 8.0) to a ﬁnal concentra-
tion of 75 nM.
FRET measurements were performed on a spectroﬂuorome-
ter (Fluorolog-3, Jobin-Yvon, Munich, Germany). Fluores-
cence was excited at 490 nm and recorded at 515 nm, with
excitationandemissionbandwidthsof10nm.Thetemperature
was kept constant at 23 C.
Thrombin–aptamer complexes
For experiments with thrombin, the aptamer strand was
mixed with thrombin in a ratio of 1:2. Aptamer and thrombin
were incubated for 30 min at 23 C in a reaction volume of
50 ml before FRET measurements were conducted in a sample
volume of 1 ml.
RESULTS AND DISCUSSION
Operation principle of the DNA transducer
The operation principle of the transducer is schematically
depicted in Figure 1. It is based on three processes which
have been utilized previously for the operation of other
DNA nanodevices and automata: (i) DNA branch migration
(3); (ii) the speciﬁc DNA cleaving properties of the restriction
endonuclease FokI (29); and (iii) the inhibition of hybridiza-
tion between complementary strands by secondary structure
formation (47). As shown in Figure 1A, the DNA output signal
Table 1. Sequences of the DNA strands used
Strand Sequence (50–30)
IN GATTGCGGAAAGAAGGTATGAGATAATGTCAC
CO GCTTGCATCCGATTGCGGAAAGAAGGTATGAGATCGG
ATG
PR GTGACATTATCTCATACCTTCTTTCCGCAATCGGA
OUT-1 CAAGCAAGTCGCATTCATCCACCAACCGAGATGAATGCG
ACTT
OUT-1* CGCATTCATCCACCAACCGAGATGAA
OUT-2 CAAGCAGTGCGACTAACCACACCAACCGAGATGAACTTA
GTCGCACT
OUT-2* CGACTAACCACACCAACCGAGATGAACTTA
OUT-3 CAAGCTTAGCGACCAACCGAGATTTGGTCGCTAA
OUT-3* CGACCAACCGAGATTTG
APT TAAGTTCATCTCGGTTGGTGTGGTTGG
1582 Nucleic Acids Research, 2006, Vol. 34, No. 5(OUT) initially is in an inactive state—it is forced into a small
hairpin loop in which hybridization with its complement is
inhibited (31,47). The stem of the hairpin has a sticky end
which is complementary to the sticky end of a ‘connector
strand’ (CO) which can also assume a hairpin conformation.
However, initially the connector strand is forced into a duplex
structure by a ‘protection strand’ (PR) in which it cannot
hybridize to the inactive output strand. The protection strand
in turn is equipped with a single-stranded ‘toehold’ (3) at
which the input DNA strand (IN)—which is to be translated
into an active output strand—can attach. The input strand can
displace the protection strand from the connector strand by
branch migration, producing a double-stranded waste product
(IN-PR, Figure 1B). The released connector strand can now
fold into its hairpin structure and hybridize to the inactive
output signal. The sequence of the connector strand CO is
chosen in such a way that in the folded state it contains the
FokI recognition sequence (50-GGATG-30/30-CCTAC-50).
FokI binds to the complex formed by connector and inactive
output and cleaves the output strand 9 and 13 bases down-
stream from the FokI recognition site. As has been shown
previously by Benenson et al. (30), FokI can cleave such a
construct even without ligation of the two substrate duplexes.
The result of the cleavage reaction is shown in Figure 1C.
The connector strand leaves the reaction unaltered, whereas
the stem of the output signal strand has been shortened (OUT
becomes OUT*).Theloopconformation oftheoutputstrandis
therefore less stable and breaks open which makes the output
DNA sequence available for hybridization with a downstream
target sequence. In the present example, the activated output
signal can bind to an aptamer-based DNA device and trigger
the release of the protein thrombin. The release of the protein
is achieved by the competition for binding between the output
strand and the protein to the aptamer. The output strand
sequence therefore necessarily has to be chosen (at least
partly) complementary to the aptamer sequence. Using the
DNA translator, an arbitrarily chosen DNA input strand can
be translated into this speciﬁc output strand.
Design of the input section
The various sections of the transduction device are indicated
in Figure 2. In order to emphasize the modularity and
generality of our approach, we here describe the design of
the input and output sections in terms of an ‘algorithm’. (i)
Given is the input signal strand IN which is to be transduced
into a different sequence. This input signal can be of any
sequence with length of >20 nt, it does not have to be extended
FokI
activated
inactive
waste
FokI
A
B
C
triggers 
device
IN
OUT PR
CO
OUT*
Figure 1. Operation principle of the DNA translator. (A) Initially, the output signal (OUT) is present in an inactive stem–hairpin loop conformation. Hybridization
withthesequencehiddenintheloopiskineticallyinhibited.Alsopresentisa‘connectorstrand’(CO)partiallyhybridizedtoaprotectionstrand(PR)whichinturnis
complementary to the input signal strand. When added to the reaction, the input strand (IN) binds to the unhybridized ‘toehold’ section of the protection strand
and displaces the connector through a branch migration process. (B) The connector is now able to fold into its hairpin configuration, the two halves of the FokI
recognitionsiteareunitedandarerecognizedbytheenzyme.Togetherwiththeprotectedoutputsignalstrand,theconnectorformsadumbbellshapeddimerandthe
FokIenzymecutstheoutputstrand9and13basesdownstreamoftherecognitionsite,acrosstheunligatednicks.Thewasteproductformedbytheinputandprotection
strandisverystableanddoesnotparticipateinthefurtherreaction.(C)Thestabilityoftheremainingshortstemoftheoutputstrandistoolowtokeeptheloopclosed
and so the activated output signal OUT* can bind to other DNA-based devices to start or inhibit a reaction.
Nucleic Acids Research, 2006, Vol. 34, No. 5 1583or altered. (ii) The protection strand PR is the complement of
strand IN and has to be augmented at the 30 end with the three
bases ‘GGA’ contained in the FokI recognition sequence. This
prevents the binding of FokI to dimers which may be formed
by two protected connector strands in the inactive state of the
device. (iii) The connector hairpin loop CO can be derived
from IN in the following way: cut off 8–10 bases from the
30 end of IN, as they are used as toehold sequence for the
displacement of PR from CO. (iv) Add the reverse comple-
ment of the ﬁrst three bases of the 50 end to the 30 end, this acts
as a spacer between the FokI binding site and the loop (com-
pare section B of Figure 2). We experimentally veriﬁed that
binding of FokI is obstructed if <3 bp are located upstream
between the recognition sequence and the ﬁrst bases of the
loop. (v) Next add the FokI recognition sequences to the ends:
CATCCtothe50 endandGGATGtothe30 end(C inFigure2).
(vi) As a last step, a sticky end has to be added to the connector
hairpin (D in Figure 2). Since FokI cleaves asymmetrically
with an overhang of 4 bases at the 50 end, it is best to attach the
sticky end at the 50 end as well. The lower limit of the length of
the sticky is set by the temperature at which the intermediate
dumbbell structure (Figures 1B and 2) has to be stable. The
upper limit is given by the distance between the recognition
and the restriction site of FokI on the 50 end, i.e. 13 bases.
Reasonable values are between 4 and 8 bases (compare next
paragraph).
Design of the output section
The complement of the sequence of the target strand (e.g. an
aptamer-based device) has to be incorporated into the stem
and/or the loop of the output section (E and F in Figure 2). In
the inactive state (before cleavage by FokI), hybridization
between the output loop and the target strand should be kineti-
cally inhibited, whereas in the active state this reaction should
be fast. The stem of the output loop (E in Figure 2) therefore
has to be sufﬁciently long to be stable in its uncleaved form
and short enough to break open after restriction by FokI.
Furthermore, the opening of the loop (F in Figure 2) has to
be kept small enough to prevent the complementary strand
from threading through (47). Several design variations based
on these considerations are described below. The design of
the sticky end connecting the input and output section of the
device (D in Figure 2) has to ensure efﬁcient cleavage by FokI.
As described in Ref. (30), cleavage without prior ligation is
possible for short sticky ends with a high CG-content. In
experiments at various temperatures we found that the restric-
tion reaction was successful with a 5 nt sticky end for tem-
peratures up to 20 C. It has been found previously (30) that
withincreasing lengthofthestickyends,FokItendstocut only
one strand of the helix. This reaction results in an additional
band in the gel assay (band OUT# in Figure 3). For efﬁcient
cleavage at relatively high temperatures, 4 or 5 bases are the
best choices for the length of the sticky ends.
Experimental proof of the mechanism
ThebasicoperationoftheDNAtranslatorwascharacterizedin
gel electrophoresis experiments. The gel image displayed in
Figure 3 clearly demonstrates that FokI can cleave the output
loop OUT in the presence of the connector loop CO even
without ligation. It also shows that cleavage is inhibited
whenthe connector strand COisboundtothe protection strand
PR. When a removal strand IN is added to the reaction mix-
ture, the protection strand is displaced from the input loop by
branchmigrationandtherestrictionreactionstarts.This canbe
monitored by the appearance of a band for the ‘waste’ duplex
(IN-PR) and for the restricted output strand OUT*. The inten-
sity of these bands can also be used to obtain the transfer
function of the device which relates the concentration of
the output strand to that of the input strand (Figure 4). For
the strand concentrations used in this particular experiment
(compare Materials and Methods), the I/O relation is slightly
sigmoidal (Figure 4B). The linear relationship between band
intensity and DNA concentration in the relevant concentration
range used was veriﬁed in a separate experiment.
Influence of design parameters
As described above, several design parameters are critical for
the operation of the DNA transducer: On the input side, the
length of the spacer sequence (section B in Figure 2) is impor-
tant. When shorter than 2 bp, the distance of the FokI recog-
nition site and the loop is too small to accommodate the FokI
enzyme. When larger than 4 bp, the formation of dimers
between protected input strands leads to false positive reac-
tions. The ideal length therefore turns out to be 3 bp. To reduce
side reactions due to dimer formation, it is necessary that the
protection strand not only overlaps with one side of the spacer
sequence (B in Figure 2), but also with part of the recogni-
tion site (C in Figure 2). The length of the linker sequence
CO-PR
IN-PR
OUT/CO
OUT*
OUT#
Figure 3. Operation of the device characterized by gel electrophoresis. Lane 1
containsoutput(OUT)andconnector(CO)strandintheabsenceofFokI.Lane2
contains OUT and CO with FokI added, leading to the appearance of the
cleavage products OUT*, OUT#. The latter is due to incomplete cleavage
of the output strand (see text). Lane 3 contains protected connector strand
(CO-PR) and OUT in the absence of FokI; lane 4 contains the same strands
plusFokIadded.Almostnocleavagereactionoccursinthissituation.Inlane5,
the input strand IN was added to the mixture contained in lane 4, leading
to cleavage of the output strand. A new band appears for the ‘waste’ product
IN-PR. Lane 6 contains the pre-cleaved output strand OUT* for comparison.
A
BCD E
F
Figure 2. Core of the device composed of strands CO and OUT from Figure 1.
SectionAcontainsthepartthatiscomplementarytotheprotectionstrandPR.C
is the FokI recognition sequence, spacer section B is needed to ensure that the
binding of the enzyme is not disturbed by the loop A. Section D connects the
two loops, it should be shortand rich in GC pairs to improve FokIperformance
across the nicks. Line E indicates the FokI cleavage site, with the output F as
result of the translation process.
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performs correctly.To be able to work at room temperature, an
overlap of 5 bases was used in all cases.
The details ofthe designofthe outputendstronglyinﬂuence
the hybridization behavior of the device in the presence of the
target DNA sequence. Ideally, in the inactive state, no hybrid-
ization between output loops and target DNA should occur.
On the other hand, after activation of the translator by an input
strand, hybridization of the target with the FokI cleavage prod-
uct should occur efﬁciently. Experimentally, three different
designs for the output section with different stem lengths and
loop sizes were studied [OUT-1, 14 bp stem before, 6 bp stem
after cleavage/10 nt loop; OUT-2, 11 bp (3 bp) stem/20 nt
loop; OUT-3, 11 bp (3 bp) stem, 7 nt loop, (for sequences see
Table 1)]. To study the hybridization kinetics, we ﬁrst per-
formed experiments with synthesized output strands with
appropriately shortened sequences to mimic the behavior of
the FokI reaction products. The hybridization kinetics of the
three different output loops in their cleaved and uncleaved
form was determined in FRET measurements. In all cases
the target sequence for hybridization was the doubly labeled
aptamer strand APT. Hybridization between the output strand
and APT results in a strong increase in ﬂuorescence, as the
FRET donor (ﬂuorescein) and acceptor (TAMRA) are spa-
tially more separated from each other in the duplex form
than in the folded single-stranded G quadruplex form of
APT. As can be judged from Figure 5, the three different
designs for the output section result in completely different
hybridization kinetics. This is due mainly to two effects. First,
hybridization of a DNA strand with a stable DNA hairpin loop
is extremely slow. To form a double helix, the DNA strand has
to form a few initial base pairs with bases in the loop and
then wind through the loop hole. Depending on the size of the
loop, this can be very slow or even impossible on an experi-
mental time scale. It also has to be considered that hybridiza-
tionofaDNAstrand toahairpinloopstructure isreduced even
further whenno endofthe strand isabletobindwithintheloop
and break open the stem through branch migration (47).
The second important parameter—the stem length—has
inﬂuence on the stability of the loop conformation. A short
stem will break open occasionally and make the DNA loop
sequence more accessible for hybridization with its comple-
ment. Similar effects have been studied extensively in the
context of molecular beacons and also as a concept for fuel-
ling free-running DNA nanomachines.
OUT-2 and OUT-3 have thesamestem lengths anddifferent
loop sizes, whereas OUT-1 and OUT-3 have different stem
lengths and comparable loop sizes. As can be seen in Figure 5,
owing to its 20 nt long loop region, OUT-2 already strongly
hybridizes with the target sequence in the ‘inactive’ state
before cleavage by FokI. In contrast OUT-1 and OUT-
3—with the small loops—only show a low level of unwanted
hybridization with the target. After cleavage, all output strands
hybridize well with the target sequence. Here, OUT-1*
displays slower hybridization kinetics than OUT-2* and
OUT-3* as it still has a considerable stem length (6 bp)
after cleavage.
Performance of the device
In Figure 6, the hybridization kinetics of the full translation
device containing FokI, PR, CO, OUT-3 with the target strand
APT is shown. Before the addition of the input signal IN, the
spurious hybridization reactions are at roughly the same level
as in a ‘clean’ system containing only OUT-3. After addition
of the input signal strand IN, the degree of hybridization to the
target is enhanced several fold, showing the successful per-
formance of the DNA translation device. The efﬁciency of
hybridization is comparable with that with the pre-cleaved
strands OUT-3*. Also shown is a test experiment, in which
only the arbitrarily chosen strand IN is added to the aptamer
device APT. This input strand in fact does not display any
interaction with the target at all. This demonstrates that the
device in fact works as a signal translator. By the action of the
translator an otherwise non-reactive input strand can inﬂuence
the hybridization with a target sequence.
0.8
0.6
0.4
0.2
I
/
I
m
a
x
2.0 1.5 1.0 0.5 0.0
[IN]/[PR]
A B
CO-PR
IN-PR
OUT/CO
OUT*
Figure4.Theresponseofthedevicedependingontheinputstrandconcentration.(A)Gelanalysisofthedevicewithdifferentinputsignalamounts,rangingfrom0to
6mlof1mMconcentration.Thishighestvaluecorrespondsto2.4timestheconcentrationoftheprotectionstrand,whichwaskeptconstantinalllanes.(B)Aplotofthe
intensity of the product band as a function of input strand concentration.
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Figure 5. Binding kinetics of processed (closed symbols) and unprocessed
(opensymbols)outputstrandstotheaptamerbeaconAPT,measuredbyFRET.
The threestrand designsdifferin stemlength andloop sizes(triangles,OUT-1,
14 bp stem/10 nt loop, OUT-1*, 6 bp stem/10 nt loop; squares, OUT-2, 11 bp
stem/20ntloop,OUT-2*,3bpstem/20ntloop;circles,OUT-3,11bpstem/7nt
loop,OUT-3*,3bpstem/7ntloop).Largerloopsizesleadtostrongerunwanted
interactions with the aptamer. The stem size further regulates the hybridiza-
tion rate after output strand cleavage.
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aptamer device
As an application of the signal translator concept, we demon-
strate how the release of a protein by an aptamer-based DNA
device can be controlled by an arbitrarily chosen DNA input
signal. In Figure 7, the hybridization of the DNA translator
reaction mixture with the DNA aptamer device APT bound to
the protein thrombin is shown with and without the addition of
the input strand IN. The initial ﬂuorescence level is decreased
to about 80% in comparison with Figure 6 (Ibound ¼ 0.78 I0), as
the folded G quadruplex structure of APT is now bound to the
protein, leading to a stronger FRET effect—i.e. APT acts as a
sensor for thrombin (48,49). Upon hybridization of the output
strands with the aptamer device the ﬂuorescence intensity
increases. In a simpliﬁed two-state model, the total ﬂuores-
cence signal is given as I(t) ¼ x(t) Ireleased + [1   x(t)] Ibound,
where x(t) is the fraction of aptamers which have released
their protein. Ireleased is the maximum ﬂuorescence value
obtained for aptamer beacons completely hybridized to the
output strands and can be estimated from the limiting value
Ireleased ¼ 5.8 I0 (from Figure 6), where I0 is the initial ﬂuo-
rescence value for APT in the absence of protein. In Figure 7,
the degree of protein release x(t) ¼ [I(t)   Ibound]/(Ireleased  
Ibound] is plotted. In the presence of the protein, this process is
much slower than the hybridization of output strands with
the aptamer without thrombin. The side reaction with the
‘inactive’ outputstrand OUT-3 already leadsto aslight protein
release. However, as desired the action of the DNA translator
in response to the input strand IN leads to a much more efﬁ-
cient protein release. In principle, the side reaction could be
completely suppressed if two distinct input signal strands were
used and a correspondingly longer stem region for the inactive
output strand (31).
CONCLUSIONS
We have demonstrated how a molecular signal translation
device based on DNA hairpin loops and the action of the
restriction endonuclease FokI can be used to release a speciﬁc
DNA output strand in response to an arbitrarily chosen input
strand. This translator can be used to uncouple nucleic
acids-based signal and effector molecules and therefore link
together molecular processes which produce or require spe-
ciﬁc DNA or RNA strands. Such situations may arise in DNA-
based self-assembly, when the temporal or logical order of
severalself-assembly steps isto becontrolled orwhenreaction
networks of DNA-based nanodevices are to be constructed.
Similar situations are of considerable interest in the context of
intelligent biosensing or even drug delivery, when a speciﬁc
compound is to be released in response to the presence of
a certain nucleic acids molecule, e.g. mRNA. As a speciﬁc
example, we demonstrated how the release of a protein by an
aptamer-based nanodevice can be controlled by an arbitrarily
chosen DNA strand which is translated by the molecular trans-
lator into a protein-releasing effector sequence.
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